ABsTrAcT: In a 4 × 4 Latin square design (24-d periods), 4 ruminally cannulated Hereford × Angus/ Simmental heifers were used to evaluate the effect of increasing levels of monensin concentration on DMI, ruminal fermentation, short-chain fatty acid (SCFA) absorption across the reticulorumen, and total tract barrier function. Heifers were fed a barley-based finishing diet (76% rolled barley grain, 12% barley silage, 8% mineral and vitamin supplement, and 4% canola meal) containing 0, 22, 33 or 48 mg/kg monensin. Urinary recovery of Cr-EDTA was used as an indicator of total tract barrier function (d 18 to 20) . Days 20 to 23 were used to evaluate ruminal fermentation and total tract digestibility measurements, and SCFA absorption was measured using the temporarily isolated and washed reticulorumen technique on d 24. Data were analyzed using PROC MIXED of SAS with linear and quadratic contrasts to evaluate the effect of increasing monensin dose. Increasing monensin linearly decreased DMI (10.0, 9.9, 9.3, and 9 .1 kg/d for diets containing 0, 22, 33 or 48 mg/kg monensin, respectively; P = 0.01) but did not affect the variation in DMI among days. Urinary Cr-EDTA recovery was not (P ≥ 0. 61) affected by increasing dose of monensin, nor was ruminal pH (mean, minimum, maximum, duration less than 5.5, and area under curve; P ≥ 0.21). The acetate-to-propionate ratio linearly decreased (1.9, 1.8, 1.4, and 1.3 for diets containing 0, 22, 33 or 48 mg/kg monensin, respectively; P = 0.03) with increasing monensin. There was no response (P ≥ 0. 17) for the rate of SCFA absorption with monensin concentration. Total tract ethanol soluble carbohydrate digestibility linearly increased (77.2, 84.7, 88 .0, and 94.0% for diets containing 0, 22, 33 or 48 mg/kg monensin, respectively; P = 0.003) whereas starch digestibility quadratically responded (93.8, 93.9, 88 .0, and 94.0% for diets containing 0, 22, 33 or 48 mg/kg monensin, respectively; P < 0.001), where 33 mg/kg inclusion of monensin had a minimal value. The results from this study indicate that in addition to the known effects of monensin to reduce DMI and the acetate:propionate ratio, monensin inclusion does not affect ruminal pH, SCFA absorption, or total tract barrier function.
inhibit lactic acid-producing bacteria in the rumen (Dennis and Nagaraja, 1981; Nagaraja et al., 1982) and stabilizes DMI (Duffield et al., 2012) .
In addition to effects on ruminal fermentation, as much as 50% of monensin supplied may be absorbed and metabolized by cattle (Donoho et al., 1978) . Although cattle are less susceptible to the toxic effects of monensin than other livestock species (Potter et al., 1984) , the lethal dose. amount of substrate that kills 50% of the test population (LD 50 ) is not well defined (Van Vleet et al., 1983) . A previous study evaluating intravenous monensin infusion reported shifts in circulating metabolites, glucose, and free fatty acids (Armstrong and Spears, 1988) , suggesting that monensin may also impact intermediary metabolism. Specifically, the impact on tissues of the gastrointestinal tract (GiT) in ruminants has not been investigated and it is not clear if monensin is capable of altering epithelial function in ruminants. The GIT may be at greater risk for subclinical effects of monensin toxicity, as tissues are in direct contact with monensin supplied in the diet. The objectives of this study were to examine the effect of increasing monensin inclusion in barley-based diets on total tract digestibility, SCFA absorption across the reticulorumen, and total tract barrier function.
mATeriALs AND meTHoDs

Heifers, Experimental Design, and Dietary Treatments
The use of heifers in this experiment followed the recommendations of the Canadian Council on Animal Care (2009) and was preapproved by the University of Saskatchewan Animal Research Ethics Board (protocol number 20100021). Four Hereford × Angus × Simmental yearling heifers (ranging between 8 and 10 mo of age with an initial mean BW of 291 kg [SD 8]), which had been previously ruminally cannulated (model 9C; Bar Diamond Inc., Parma, ID), were randomly assigned to a treatment sequence balanced for carryover effects in a 4 × 4 Latin square. Each experimental period consisted of 18 d of diet adaptation followed by 6 d of sample collection. Heifers were housed in individual stalls with rubber mats on the floor in the University of Saskatchewan Livestock Research Building (Saskatoon, SK, Canada). Before the start of the study, heifers were transitioned from a high-forage diet to a common base experimental ration over 20 d with a 5-phase step-up program. In each phase of the step-up program, the proportion of barley grain was gradually increased and replaced barley silage. During the step-up program, DMI was limited to 2.5% of BW. The experimental diets consisted of (DM basis) 12% barley silage, 76% barley grain, 4% canola meal, and 1 of 4 pellets included at 8%. The pellets contained ground barley grain as a carrier to deliver macro-and microminerals and vitamins A, D, and E and supplied monensin (Rumensin; Elanco Animal Health, Greenfield, IN) such that the final dietary concentration was 0, 22, 33, or 48 mg/kg. The ingredient and chemical composition of the diets are reported in Table 1 . As diets differed only in monensin concentration, abrupt dietary changes were applied for heifers between experimental periods.
Data and Sample Collection
Heifers were weighed on 2 consecutive days at the start and end of each experimental period before feeding in the morning. Heifers were fed once daily at 0900 h for ad libitum intake with a target refusal rate of 5% relative to the quantity of feed offered. Individual feed intake and refusals were recorded daily. Data for DMI and the SD of DMI among days were used from d 20 to 24. On d 20 to 24, feed ingredient samples were collected and a period composite was prepared for chemical analysis. Likewise, from d 21 to 25 of each period, feed refusal samples were collected and composited by heifer for chemical analysis.
Ruminal pH Measurements and ShortChain Fatty Acid Concentration
Indwelling ruminal pH measurement systems (Penner et al., 2009) were placed in the rumen before feeding on d 20 and ruminal pH systems were initialized to record data at 5-min intervals for 4 consecutive days. Before insertion and after removal on d 24 (after 0800 h), the millivolt readings in pH buffer solutions 7 and 4 were recorded to convert millivolt readings to pH measurements. The daily minimum, mean, and maximum pH as well as daily duration that pH was less than 5.5 (pH × min/d) and area below the threshold (min × pH/d) were calculated. After calculating the daily mean ruminal pH, the SD for mean ruminal pH among days was calculated.
On d 20, 21, and 22 of each period, 250 mL of ruminal digesta was collected from the cranial ventral, central, and caudal ventral regions of the rumen and was combined before being strained through 2 layers of cheesecloth. Strained ruminal fluid was then mixed with metaphosphoric acid (10 mL of ruminal fluid and 2 mL of 25% metaphosphoric acid) and frozen at −20°C until analysis. Analysis of SCFA concentrations were conducted using gas chromatography (Agilent 6890 Series; Agilent Technologies Inc., Santa Clara, CA) using the method described by Khorasani et al. (1996) .
Total Tract Digestibility and Nutrient Analysis
Total tract digestibility was calculated as the difference between the quantity of nutrients offered and refused (as described above) and fecal nutrient output relative to nutrient intake. To separate the urine from the feces, heifers were fitted with a urinary catheter on d 19. The urinary catheter was also used to collect urine for total tract barrier function measurements (described below) as described by Zhang et al. (2013) . Feces were collected from the pen floor every 6 h starting at 0900 h on d 20 and ending at 2100 h on d 24. At each sampling time, the wet weight of the feces was recorded and a representative sample (5% of the wet weight) was collected and placed into a container to prepare a composite sample for each heifer. The composite fecal sample was stored at −20°C until being analyzed.
Feed ingredients, feed refusals, and feces were analyzed for DM content by oven drying at 55°C until achieving a constant weight. Dried samples were ground using a Christy Norris hammer mill (Christy and Norris; Christy Turner Ltd., Chelmsford, UK) to pass through a 1-mm screen. Chemical analysis of feed ingredients, refusals, and feces were conducted at Cumberland Valley Analytical Services Inc. (Hagerstown, MD). Total N was determined using flash combustion (LECO FR-528 analyzer; LECO Corporation, St. Joseph, MI), and the CP content was determined by multiplying the N content by 6.25. Acid detergent fiber and NDF (assayed with heat stable amylase and sodium sulfate; Robertson and Van Soest, 1981) were determined using an Ankom fiber analyzer (Ankom Technology Corp., Fairport, NY). Ethanol soluble carbohydrate concentration was measured using the method outlined by Dubois et al. (1956) and starch was measured according to the method described by Hall (2009) . Ether extract was determined using a Goldfisch extraction apparatus (Labconco Corp., Kansas City, MO). Total ash content was determined by combustion of sample at 600°C for >5 h (AOAC, 1990, method 942.05) and OM was calculated by subtracting the ash concentration from 100%.
Measurement of Total Tract Barrier Function
On d 20 and 21, total tract barrier function was assessed based on the urinary recovery of Cr-EDTA (340 kDa, 10 Å) according to method described by Zhang et al. (2013) . One day before collection, heifers were fitted with a Foley catheter (American Diabetes Wholesale, Pompano Beach, FL) for total urine collection. On d 20, 1 L of a 180-mM Cr-EDTA solution was dosed directly into the rumen corresponding to the morning feeding. The total urine weight was recorded in 24-h intervals representing a duration of 48 h. For each 24-h interval, a representative sample (35 mL) of urine was collected and stored at −20°C until analyzed for Cr concentration. The Cr concentration was conducted in triplicate using methods described by Vicente et al. (2004) and Zhang et al. (2013) using atomic absorption spectrometry (iCE 3000 series; Thermo Fisher Scientific Inc., Waltham, MA).
Short-Chain Fatty Acid Absorption
The temporarily isolated and washed reticulorumen technique (Care et al., 1984; Zhang et al., 2013) was used to evaluate the rate of SCFA absorption across the reticuloruminal epithelium. Briefly, the reticuloruminal contents were completely evacuated and stored in an insulated container. The reticulorumen was then washed twice with warm tap water (39°C) followed by 4 consecutive washes (5 L/wash) with a preheated buffer solution containing NaCl (135 mM), NaHCO 3 (25 mM), acetate (10 mM), and propionate (20 mM). The buffer was adjusted to pH 6.2. The reticulorumen was then isolated from the remainder of the GIT by inserting occluding devices into the esophagus (University of Leipzig, Leipzig, Germany) and omasal orifice (75 mL Foley catheter; American Diabetes Wholesale). The esophageal occluding device was connected to a vacuum pump such that saliva was continuously removed. The weight of the saliva that was collected during the procedure was recorded. Once the occluding devices were in place, the reticulorumen was again washed with 5 L of washing buffer and the liquid was removed to avoid potential contaminants and saliva that entered the reticulorumen during placement of the occluding devices. ], pH 6.4) was poured into the rumen and gassed with 100% CO 2 to facilitate buffer mixing. The osmolality of the experimental buffer was measured as part of quality control. All buffers were adjusted to pH 6.2 and the osmolality was 294.9 ± 5.27 mOsm/kg. Samples of the experimental buffer were collected before infusion into the rumen and 5 and 65 min after infusion via a tube that was positioned in the ventral sac and was exteriorized through the cannula plug. At each sampling time, 35 mL was collected and preserved with 7 mL of 25% metaphosphoric acid (wt/ vol) and frozen at −20°C until being analyzed for SCFA and Cr concentration as described above. The concentration of Cr was used to predict liquid volume. The volume of the liquid in the reticulorumen and the corresponding SCFA concentrations were used to calculate the quantity of SCFA in the reticulorumen. It should be noted that this technique measures SCFA disappearance from the rumen and we interpreted disappearance as absorption. As such, the absolute (mmol/h) and fractional (%/h) rates of SCFA absorption were calculated as the difference between the initial and final quantities in the buffer.
Statistical Analysis
Statistical analysis was performed using the PROC MIXED procedure of SAS (SAS 9.4; SAS Inst. Inc., Cary, NC) and included the fixed effects of treatment and period. The effect of period was included as a repeated measure for all measurements and the covariance error structure selected as the lowest yielding Akaike's and Bayesian information criterion for each dependent variable. Polynomial contrasts were used to test for linear and quadratic treatment effects. Coefficients for unequal spacing of monensin concentration were determined using PROC IML (SAS 9.4), and significance was declared at P ≤ 0.05. 
resuLTs
The BW of heifers did not differ by treatment (P ≥ 0.25; Table 2 ). However, as monensin inclusion increased, DMI decreased in a linear fashion (P = 0.01), where heifers receiving 48 mg/kg monensin consumed approximately 1 kg less feed than heifers that did not receive monensin. Monensin inclusion did not affect the SD of DMI among days.
Despite differences for DMI, minimum, mean, and maximum ruminal pH did not differ among treatments (P ≥ 0.21; Table 2 ). Likewise, there were no differences observed for the daily duration that pH was less than 5.5 or area below the threshold (P ≥ 0.50) with increasing monensin inclusion. However, the SD of mean pH quadratically decreased with variability decreasing in heifers fed from 0 to 22 mg/kg monensin and gradually increasing for heifers fed 48 mg/kg monensin. The total concentration of SCFA in the rumen was not affected by monensin concentration in the diet (P ≥ 0.61). A linear (P = 0.03) reduction in the acetate:propionate ratio was observed with increasing monensin concentration with a ratio of 1.85 for the heifers fed 0 mg/kg monensin decreasing to 1.31 for heifers fed 48 mg/kg monensin. However, differences in the molar proportions of acetate and propionate were not detected (P ≥ 0.35). Isobutyrate, butyrate, and isovalerate were not affected by monensin concentration (P ≥ 0.42). Although the molar proportion of valerate is relatively small, there was a linear (P = 0.02) decrease for the valerate concentration with increasing monensin inclusion.
Total tract DM digestibility did not differ with dietary monensin concentration (P ≥ 0.17; Table 3 ). On an individual nutrient basis, apparent total tract CP, ADF, NDF, fat, and OM digestibility were not affected (P ≥ 0.08) by monensin inclusion. However, ethanol soluble carbohydrate digestibility linearly increased (P = 0.003) from 77.2% for heifers fed 0 mg/kg monensin to 89.8% for heifers fed 48 mg/kg monensin. Total starch digestibility responded in a quadratic (P ≤ 0.001) manner, where heifers fed 33 mg/kg monensin had the minimum value.
The mass of saliva collected during the washed reticulorumen procedure and reticulorumen digesta mass did not differ (P ≥ 0.15; Table 4 ) among treatments nor did total reticulorumen absorption of SCFA (P ≥ 0.26). There were no differences (P ≥ 0.14) in the absorption rates (mmol/h or %/h) for acetate, propionate, or butyrate among dietary treatments. In addition, ruminal DM content was not influenced by monensin inclusion (P ≥ 0.47; data not shown).
Urinary Cr recovery, as a measure of total tract barrier function, was not influenced by dietary treatment (P ≥ 0.61) and equated to 3.15% recovery relative to that infused. Urine output also was not affected by monensin treatment (P ≥ 0.19; data not shown).
DiscussioN
In North America, South America, and Australia, ionophores such as monensin are routinely used in the cattle industry to improve growth performance and feed conversion (Duffield et al., 2012) . The Canadian Feed Inspection Agency recently approved the use of monensin up to 48 mg/kg to improve feed efficiency (Canadian Feed Inspection Agency, 2015) , but there are a limited number of published studies evaluating high inclusion rates of monensin for finishing beef cattle. Cattle are more tolerant to monensin than other livestock species, with toxic doses for monensin in cattle being approximately 2 to 3 times that of sheep and over 10 times that of horses (Potter et al., 1984) . Although it is unclear why cattle are less susceptible to toxic effects than other species, clinical symptoms are similar when toxicity occurs. In particular, characteristic of acute monensin toxicity is congestive heart failure caused by necrosis in the myocardium initiated by intracellular ion differentials (Van Vleet et al., 1983) . Although the clinical effects of monensin toxicity are known, the effective dose of monensin should be greatest for the GIT tissues. It is not clear whether increasing the monensin inclusion rate affects functionality of the GIT such as nutrient absorption and barrier function. Although numerous studies have investigated the concentration of SCFA in the rumen as influenced by ionophores (Duffield et al., 2012) , only a couple studies have investigated the effects of ionophores on SCFA absorption by measuring net portal drained visceral flux (Harmon et al., 1988; Harmon et al., 1993) . Past studies evaluating the net flux of SCFA across the portal drained viscera for cattle fed high-grain diets have reported an increase in the net flux of propionate (Harmon et al., 1988) whereas Harmon and Avery (1987) reported a reduction in net flux of butyrate when monensin was included at 44 mg/kg compared with when it was included at 0 mg/kg. In the present study, no differences were observed for SCFA absorption whether reported in millimoles per hour or percent per hour. The lack of response for SCFA absorption in the present study can be explained as monensin concentration did not affect total SCFA concentration or mean ruminal pH and may suggest that there were no measurable effects of monensin on function of the ruminal epithelium or whole animal. Unfortunately, papillae surface area was not measured in the present study, but monensin inclusion has been reported to influence morphometric measurements of ruminal papillae, impacting absorptive surface area and mitotic index (% of basal cells; Pereira et al., 2014) . That said, although it appears that monensin inclusion can, most likely, indirectly affect ruminal epithelial morphology, the increase in surface area may not correspond to functional differences in SCFA absorption.
An essential role of the GIT is to facilitate nutrient transport while maintaining selective permeability to prevent nondesired molecules from entering systemic or lymphatic circulation. A number of factors including variable feed intake (Zhang et al., 2013) , low ruminal pH (Penner et al., 2010; Wilson et al., 2012) , and high ruminal osmolality (Schweigel et al., 2005; Wilson et al., 2012) compromise barrier function of the ruminal epithelium or total GIT. As such, it was hypothesized that monensin concentration may improve gastrointestinal barrier function if variation in DMI and mean ruminal pH were reduced among days and if mean ruminal pH was increased. Although the SD for DMI was not affected by monensin concentration, we observed that the SD for mean pH was reduced as the dietary inclusion of monensin increased. Despite improvements for the stability of ruminal pH, we observed that monensin inclusion did not affect urinary Cr recovery, an indicator of gastrointestinal permeability (Zhang et al., 2013; Wood et al., 2015) , suggesting no improvement in barrier function of the GIT. However, it is important to note that the heifers in the present study were not under challenge conditions as the variation in DMI and ru- minal pH among days were minimal (the SD was <10% of the mean for DMI and <5% for mean pH). In the present study, DMI was linearly reduced with increasing monensin concentration in the diet, but monensin did not affect the SD for DMI among days. The effect of monensin to decrease DMI and stabilize DMI among days is well documented in the literature (Goodrich et al., 1984; Spears, 1990) . It is likely that benefits associated with improved G:F and stabilization of ruminal pH may be linked to both reduced DMI and stabilization of DMI among days with inclusion of monensin in high-grain diets for beef cattle (Goodrich et al., 1984; Spears, 1990) . Interestingly, in the present study, we observed that ruminal pH was not affected by monensin inclusion despite reduced DMI. It is not clear why ruminal pH was not improved with increasing monensin concentration, but we speculate that this may indicate that ruminal turnover rate (Lemenager et al., 1978) was reduced with monensin inclusion, as saliva output and SCFA absorption were not affected. It may also be possible that the monensin inclusion rate affects feeding behavior, but we were unable to quantify this statement.
Ruminal concentration of total SCFA did not differ with dietary monensin concentration and are comparable with values from other research using high-gain diets with variable monensin inclusion rates for beef cattle (Ellis et al., 2012; Felix et al., 2012) . Although the concentrations of acetate and propionate were not affected, the acetate:propionate ratio was similar to that in previous studies (Bergen and Bates, 1984; Duffield et al., 2012) and our treatment means are similar to the model predictions described by Ellis et al. (2012) . It is important to note that Ellis et al. (2012) reported that few studies have evaluated monensin concentrations greater than 40 mg/kg, and therefore, the data are not sufficient to determine if the model remains linear above 40 mg/ kg. Acetate and butyrate also followed predicted linear monensin responses based on the models described in Ellis et al. (2012) , despite the lack of response of acetate to monensin inclusion level in the present study.
In the present study, we observed that as monensin inclusion increased in the diet, the total tract digestibility of ethanol soluble carbohydrate linearly increased. This was coupled to a decrease in starch digestibility for heifers fed 33 mg/kg monensin. The improvement in sugar digestibility with increasing monensin inclusion and a quadratic reduction in starch digestibility is difficult to explain, as a reduction in the rate liquid and solid turnover in the rumen with monensin (Lemenager et al., 1978) would be expected to concomitantly increase the digestibility of starch and ethanol soluble carbohydrates. Moreover, previous studies have generally reported an increase in total tract digestibility with monensin inclusion (Ferrell et al., 1982; Wedegaertner and Johnson, 1983; Spears, 1990) , an effect that was not observed in the present study. However, 1 previous study has also reported a negative effect of monensin on starch digestibility (Muntifering et al., 1981) . Overall, our results indicate that monensin has minor effects on apparent total tract digestibility; however, monensin may improve ethanol soluble carbohydrate digestibility.
In conclusion, increasing the monensin inclusion rate up to 48 mg/kg in high-grain diets linearly decreased DMI and reduced the acetate:propionate ratio without affecting ruminal SCFA concentrations. It does not appear that monensin inclusion affects SCFA absorption from the reticulorumen or total tract barrier function.
